Background Infarcted segments of myocardium demonstrate functional impairment ranging in
Introduction
Myocardial infarction of the left ventricle (LV) may lead to impaired systolic and diastolic function. The resultant abnormal function exists on a continuum from hypokinesis, akinesis, dyskinesis to aneurysm formation. Of note, the American Society of Echocardiography recommends a wall scoring scale that quantifies the severity of regional wall motion abnormalities. (16) Patients with an increased number and severity of impaired wall segments are at increased risk for adverse cardiac events. (26) Despite advances in the understanding of the pathophysiology of ischemic and infarcted myocardium at the tissue, cellular and molecular levels, it is unknown what determines the ultimate degree of functional impairment. Possible reasons for the range of observed outcomes include size of the area, location, the magnitude and direction of regional stress and strain, percentage of surviving contractile myocytes, degree of ischemic preconditioning, and the characteristics of the surrounding borderzone (BZ) tissue. The systolic and diastolic function of an infarcted segment is likely a complex interaction of a multitude of internal and external factors.
We sought to better define the effects of passive material properties (stiffness) and active properties (contracting myocytes) on infarct thickening. For instance, although myocardial material properties are nonlinear (7) , large deformation analysis using linear material properties suggests that the resistance of a plate to bending is a function of material stiffness and plate thickness. (8) Akinetic behavior might, therefore, be due to increased infarct thickness and material stiffness. Alternatively, akinetic regions often show contractile reserve with dobutamine stimulation, a phenomenon attributed to the presence of viable myocytes. (17) Akinetic Infarct Contractility 4 We have previously simulated the BZ of an ovine antero-apical infarct using a large deformation finite element (FE) model of the LV incorporating non-linear diastolic and systolic material properties (function) linked to myocyte fiber architecture. (11) Although BZ systolic function was thought to be normal and altered BZ systolic motion the result of high stress (17, 23) , we were able to show that BZ systolic function must be reduced by 50% for the BZ to stretch during isovolumic systole. (11) Given that such FE simulations can calculate regional deformation and stress from the unloaded structural geometry (LV at early diastolic filling), external loads (LV cavity pressure) and material properties, the FE method is inherently suited to determine the contribution of contracting myocytes in akinetic versus dyskinetic segments.
We developed a FE simulation based an ovine model of ischemia and reperfusion. Of note, reperfusion of an anteroapical sheep infarct after 1 hour produced an akinetic infarct as well as significant LV remodeling at 12 weeks (infarct thickness 5.1 + 0.3 mm; LV volume at endsystole 33 + 6 ml). (4) We used that FE simulation to address two questions: 1) can akinetic myocardium be modeled as a stiff region of dense fibrosis and non-contractile muscle?; and 2) what is the relationship between the number of contracting myocytes and the diastolic stiffness in akinesia? We tested the hypothesis that akinetic myocardium contains contracting myocytes.
Materials and Methods
The 3-D FE method of Costa et al. (6) for large elastic deformations of ventricular myocardium was used, together with the mathematical descriptions for normal diastolic and systolic myocardial material properties (stress-strain relations) of Guccione et al. (9) . Finite element modeling and analysis were performed on a UNIX workstation (Octane2, SGI, Mountain View, CA).
Sheep Reperfused Infarct and Echocardiography.
A single sheep from a group previously reported by Bowen et al (4) underwent antero-apical ischemia and reperfusion after 1 hour.
Sub-diaphragmatic two-dimensional long axis echocardiographs were obtained through a sterile midline laparotomy (1.8 to 4.2 MHz probe, SONOS 5500, Agilent Technologies, Andover, MA) 12 weeks after infarction. Long axis images were recorded on VHS videotape at 30 Hz.
(Panasonic AG-6300, Matsushita Electric, Japan). Echocardiographs at early diastolic filling ( Figure 1A) , end-diastole, and end-systole were digitized (WinTV USB, Hauppauge Computer Works, Hauppauge, NY) and analyzed (Findtags, Medical Imaging Lab at Johns Hopkins University School of Medicine, Baltimore, MD). End-diastole was defined as the interval immediately preceding the onset of the QRS segment of the electrocardiogram. Early diastolic filling was defined by opening of the mitral valve. End-systole was defined as the smallest LV cavity cross sectional area after the QRS complex. The early diastolic filling state was our stressfree reference state for finite element simulations of end-diastolic and end-systolic ventricular mechanics. Epicardial and endocardial contours were hand traced and the border between the akinetic and kinetic regions was visually identified using the video as a guide. 
Material Properties
Diastolic Material Properties. Diastolic and systolic material properties of the LV wall were assumed to be homogeneous and anisotropic. Diastolic material properties were described by the strain energy potential, W, developed by Guccione et al (9) to describe myocardium as a nonlinear material that is anisotropic (transversely isotropic) with respect to the local muscle fiber direction: 
where E 11 is fiber strain, E 22 is cross-fiber in-plane strain, E 33 is radial strain, E 23 is shear in the transverse plane, and E 12 and E 13 are shear strain in the fiber-cross fiber and fiber-radial coordinate planes, respectively. Guccione et al (10) found that the material constants C=0.876 kPa, b f =18.48, b t =3.58, and b fs =1.627 allowed a cylindrical model of the LV to match epicardial strains measured in an intact canine heart during passive LV filling. Solutions were obtained at a range of diastolic (0-40 mmHg) LV pressures.
Systolic Material Properties. Systolic contraction was modeled by defining the (second PiolaKirchhoff) stress tensor referred to fiber -coordinates in the undeformed body as the sum of the passive three-dimensional stress derived from W and an active fiber-directed component, T 0 , which was a function of time, t, peak intracellular calcium concentration, Ca 0 , and sarcomere length, l: (14) , ) , , ( 2
where the contravariant metric tensor referred to fiber coordinates )
We introduced the hydrostatic pressure p as the Lagrange multiplier needed to enforce the kinematic constraint that the third principal strain invariant (I 3 ) equals one. The FE stress analysis of Guccione and colleagues (9) suggested that at end-systole:
where T max is the isometric tension achieved at the longest sarcomere length and peak intracellular calcium concentration (Ca 0 ) max . The length-dependent calcium sensitivity and the internal variable are given by 
where B is a constant, l 0 is the sarcomere length at which no active tension develops, and
In Equation 6 , the duration of relaxation, t r , is a linear function of sarcomere length
where m and b are constants. At a given diastolic stiffness, the percentage of surviving myocytes was modified until akinesia was observed. T max was increased when the RS indicated a dyskinetic heart, and decreased when the result was hypokinesis until akinesis was obtained.
Finally, to determine the amount of diastolic stiffness required for akinesis in a region with no contracting myocytes, we ran an initial simulation with diastolic stiffness of C=0.876 ("normal diastolic stiffness") and no contractility. These conditions produced a dyskinetic LV. Subsequent simulations increased diastolic stiffness in the abnormal region until akinesis is reached.
Statistical Analysis. All values were expressed as mean + standard deviation. RS from different infarct areas (apex, mid, BZ) and groups (hypokinetic, akinetic, dyskinetic) were compared with ANOVA and individual comparisons were adjusted with the Bonferroni correction (Prism 3.0, GraphPad, San Diego, CA).
Results

Echocardiography.
Centerline measurement of regional function on echocardiographs documented akinesis ( Figure   1B ).
Finite Element Output. Figure 3A shows the model configuration obtained for an end-diastolic LV chamber pressure of 2.67 kPa (20 mmHg) and normal diastolic stiffness. Figure 3B shows the akinetic model at endsystole, with a LV chamber pressure of 13.33 kPa (100 mmHg). The superimposed image of the endocardial surface at end-diastole and end-systole is shown in Figure 3C . Contractile Infarct. When the infarct was assigned a normal diastolic stiffness, 20% of the myocytes (T max =27.1 kPa) needed to contract to produce akinesis (average RS=0.0033).
Reducing the number of contracting myocytes ("percent contractility") to 10% (T max =13.6 kPa), produced dyskinetic infarct (average RS=-0.0381), and a hypokinetic infarct (average RS=0.0787) at 35% (T max =47.5 kPa). The difference in RS between groups (hypokinetic vs akinetic vs dyskinetic) was statistically significant (p<0.0001). Figure 4 . Plot of average radial strain against location on the infarct for a heart with a diastolic stiffness of 0.876 kPa. In the region of the infarct closest to the border zone in the akinetic and dyskinetic heart, there is an increase in radial strain, likely due to a tethering effect from the adjacent normal tissue. Figure 4 shows the RS of these models plotted against the position of the infarct. Notably, the region of the infarct closest to the BZ had the greatest variability in RS. In the akinetic and dyskinetic model, there is an increase in RS, while the hypokinetic model has reduced RS at the region closest to the BZ. The statistically significant difference in RS between groups (p<0.0001) and pattern of akinesis flanked by dyskinesis and hypokinesis was seen in all diastolic stiffness parameters tested ( Figure 5 ). Table 1 summarizes these results. 
Discussion
Our simulations demonstrate that akinesis in a region void of contracting myocytes must be 285 times stiffer than normal myocardium. If infarct stiffness is less than 285 times normal, contracting myocytes are required to prevent dyskinetic infarct wall motion. It is not merely possible for normal myocytes to survive in a region of akinesis: contracting myocytes are obligatory.
Number and function of Surviving Infarct Myocytes
Although muscle content in akinetic segments can range from less than 25% to 70% (2), there are no published data addressing the number of myocytes in akinetic infarcts that contract. Of note, colorimetric analysis of infarct histology from the sheep model on which the current FE simulations are based (4) shows that 28% of the infarct is surviving muscle. The amount of fibrosis in akinetic segments is also highly variable, and can vary between 17% to greater than 50%. (2, 24) Our simulations assume that all surviving infarct myocytes have normal contractility. This is unlikely. Studies performed on skeletal muscle preparations demonstrate reduced myocyte contractility in a hypoxia/reperfusion injury model. (19) However, others did not find reduced contractility of individual cardiomyocytes exposed to ischemic conditions. (5) In future studies, we will model the effect of both reduced numbers of infarct myocytes and reduced infarct myocyte function. While this will improve the precision of the model, it will not affect the final results we report here.
Measurement of Infarct Material Properties
A range of diastolic and end-systolic material properties was able to produce akinesis. Relationship between Diastolic and End-systolic Material Properties.
As stiffness increases, the number of contracting myocytes required for akinesis also increases.
Increased numbers of contractile myocytes in a region with strong stiffness is likely explained by the effect of infarct stiffness on sarcomere length. If the infarct has high stiffness, there will be less sarcomere extension at end-diastole and infarct sarcomeres will generate less force per unit area. (11). However, sarcomere length in myocytes surviving within an infarct and the effect of infarct expansion has not been measured.
Model Limitations
We varied the strength of active contraction in the infarcted region by varying the corresponding active stress parameter, T max . In a previous study, we used the same approach to determine contractility in the BZ region of left ventricular aneurysm that would allow a FE model to simulate myocardial deformation as observed experimentally. (11) Alternatively, we could have varied contractility regionally using the active stress parameter Ca 0 (as we did in our FE models of ventricular volume reduction surgery and cellular transplantation (12, 29) ). This approach, however, can have marked changes in the shape of the relationship between active stress and sarcomere length (i.e., concave down, linear, or concave up). Owing to our lack of knowledge concerning myocardial mechanical properties in dilated and ischemic cardiomyopathy, we cannot be certain which approach is more appropriate. Nevertheless, the approach used in the present study is simpler and appears to be appropriate for the case when there is partial loss of contractile myocytes in a ventricular region. Our model also did not consider the recent reports of myocardium as being slightly compressible or as having radial active stress (21, 34) . In both cases, comparison of simulations with myocardial strain measured using MRI with tags will probably be beneficial.
The present model provides results only during diastole and at the end of systole. In order to include the isovolumic contraction phase and to model a completely realistic pressure-volume relationship, we could add a circulatory model (e.g., a two or three-element Windkessel model). A convergence analysis using 256 elements confirmed our calculation of systolic function in the akinetic region. Specifically, in an infarcted region with normal diastolic stiffness, akinesis was obtained with 18% contractility. A convergence analysis evaluating dyskinesis in stiff regions was not feasible due to the sharp boundary between the akinetic and normal elements and the significantly differing material properties, a problem previously encountered. (13) It was also not feasible to increase the number of elements beyond 256 with the current software.
Our model utilizes realistic LV geometry, diastolic myocardial material properties that are anisotropic with respect to the local muscle fiber orientation, and systolic contraction based on experimental measurements of active tension-sarcomere length relationships. This representation of the akinetic LV is the most realistic to date. One limitation is that the 3-D FE mesh is based upon ultrasound, a 2-D imaging modality. Additionally, the orientation of muscle fibers in a human model of ischemic cardiomyopathy remains unknown.
Therapeutic Implications
Current methods of determining myocardial function and viability may have inadequate sensitivity and specificity to detect small regional changes. (27) Furthermore, our data suggest that they may underestimate contractility in akinesia. The FE model is a powerful tool that permits localization and quantification of small regional changes in diastolic and systolic mechanics. The FE method may be an appropriate adjunct for areas of investigation that require precise identification of changes of regional myocardial function. FE modeling may therefore be useful in areas of research including cell transplantation, reperfusion, stress reduction and antiapoptotic therapies.
Conclusion and Future Directions.
Our results demonstrate that contracting myocytes are an important and necessary component of akinesis at physiologic ranges of diastolic stiffness. Future studies (simulations) will model the effect of both reduced numbers of infarct myocytes and reduced infarct myocyte function. Finite element methodology may be used to evaluate the effect of reperfusion, stress reduction, antiapoptotic and cell transplantation therapies.
